Abstract: An overview of our recent work on cycloproparenyl anions is given. Preparation, the electronic structure, and the properties of the progenitor of the series, cyclopropabenzenyl anion, are discussed. It is shown that the cyclopropabenzenyl anion is by ca. 145 kJ mol -1 more stable than the parent cyclopropenyl anion according to results of the MP2/6-31+G(d) calculations. This finding was attributed to a delicate balance of two opposing effects: (a) propensity of the aromatic ring to alleviate unfavorable 4π electron interaction within the three-membered ring by the anionic resonance effect and (b) a pyramidalization of the anionic center, which tends to maximize the s-character of the lone pair. We have also shown that stability of the cyclopropabenzenyl anion could be considerably enhanced by substitution of the aromatic ring with fluorine and cyano groups, as well as by a linear extension of the aromatic backbone. Finally, the impact of the fusion of additional cyclopropenyl ring to the benzene moiety to acidity of the benzylic position in cyclopropabenzene is discussed.
INTRODUCTION
Fusion of a cyclopropene ring to an aromatic moiety generates a family of experimentally and theoretically interesting compounds known as cycloproparenes [1] . Their chemistry is characterized by an interplay of two antagonistic effects: aromaticity, which is generally known to stabilize compounds, and angular strain, which destabilizes them. Their juxtaposition leads to some new and sometimes unexpected novel features, leading to a plethora of fascinating compounds [1] . It is interesting to mention for historical reasons that the parent member of these compounds-cyclopropabenzene-was first reported by Perkin in his seminal paper entitled "Synthetical formation of closed-chains in the aromatic series. Part I. On some derivatives of hydrindonaphthene and tetrahydronaphthalene" more than a century ago [2] .
In the same paper, Perkin described synthesis of less strained representatives of cycloalkarenesindene and tetralin-while synthesis of more strained representatives-cyclobutabenzene and cyclopropabenzene-was achieved more than 60 years later, apparently because of their lesser stability due to the angular strain. Thus, cyclobutabenzene was prepared by Cava and Napier in 1958 [3] , and the first synthesis of unsubstituted cyclopropabenzene was published by Vogel and coworkers [4] . These discoveries initiated tremendous interest from both experimental and theoretical chemists in their physicochemical properties [1] . Most of the theoretical work in this area has been focused on the struc-tural perturbations imposed upon the aromatic ring as a result of annelation by the highly strained threemembered ring [1, [5] [6] [7] and changes in their chemical reactivity. Our contributions to this topic are summarized in ref. [5] .
In the present paper, we shall focus on acid/base chemistry of selected classes of cycloproparenes with emphasis on analysis of intrinsic properties of their anions derived by deprotonation within the small ring. This is of considerable importance from a synthetic point of view, since some of these carbanions are involved in a variety of synthetically important processes, to mention only recently developed syntheses of alkylidenecycloproparenes, some of which exhibit exceptional fluorescent characteristics [8] . Surprisingly, theoretical studies of the respective carbanions are scarce and limited mostly to the cyclopropabenzenyl anion (1) [9, 10] . Moreover, most of the previous calculations [9] were carried out at a low level of theory, which was not suitable for studying carbanions derived from strained molecules by the current standards.
In collaboration with S. R. Kass's group, we have recently reported on the first preparation of the cyclopropabenzenyl anion in the gas phase and explored its electronic structure using MP2/6-31+G(d) method [10] . Here, we shall give a brief summary of the most important results of this study and then continue by considering effect of solvation on stability of 1 and compare it with that of the closely related benzyl anion (2) .
Then, we shall switch to some model molecules and explore possibilities of amplifying stability of the parent cyclopropabenzenyl anion ion by putting fluorine or cyano substituents at the aromatic ring or by extension of the aromatic framework.
Finally, we shall briefly discuss the effect of strain on stability of the cyclopropabenzenyl anion imposed by attachment of an additional three-membered ring to the benzene moiety.
We will refrain from presenting any experimental and computational details; they can be found in the references [10, 11] .
CYCLOPROPABENZENYL ANION

Gas-phase acidity of cyclopropabenzene
Deprotonation of the cyclopropabenzene (1H) can take place, in principle, at three different sites-two of them within the aromatic ring and the third one at the benzylic position belonging to the small ring. All three modes of deprotonation have been observed in solution and extensively exploited in preparative chemistry. According to the MP2/6-31+G(d) calculations, the most acidic site is associated with the small ring, as intuitively expected [10] .
The corresponding anion is also the most interesting one from the theoretical point of view. It is an 8π electron species and can be viewed as a combination of an aromatic (i.e., benzene moiety) and an antiaromatic subunit, the latter being highly strained cyclopropenyl anion moiety. This raises the question "Do the aromatic or antiaromatic component prevail, or do they 'cancel' each other, resulting in a nonaromatic, but highly strained species?"
M. ECKERT-MAKSIC AND Z. GLASOVAC
Early experimental work, mostly from Eaborn's group [12] , provided firm evidence that a cyclopropabenzenyl anion is a remarkably stable species in solution in comparison to the parent cyclopropenyl anion, which escaped all attempts of preparation so far [13] . Moreover, by comparing the relative rates of base-induced decomposition of 7-trimethylsilylcyclopropabenzene and trimethylsilylbenzene, Eaborn and coworkers found that cyclopropabenzene is by 5 pK a units more acidic than toluene. This, in turn, indicates that cyclopropabenzenyl anion should be somewhat more stable than the benzyl anion. They also corroborated their conclusion by the Hartree-Fock STO-3G calculations [9c] of pK a of the parent molecule and toluene (2) , which predicted that cyclopropabenzene was by 8 pK a units more acidic than toluene. More recently, the existence of 1 in solution was also confirmed by spectroscopic investigations [14] .
We have prepared the anion 1 in the gas phase by deprotonating cyclopropabenzene with hydroxyl ion, and its basicity was measured by variable temperature-flowing afterglow technique [10] . Evidence that the generated carbanion has a cyclopropabenzenyl structure has been obtained from the observations that (i) the ion undergoes 1 hydrogen/deuterium exchange upon reaction with deuterium oxide; (ii) 7-deuteriocyclopropabenzene (1D) reacts with hydroxide to give both (1D -H) and (1D -D) ions; and (iii) that the deuterium label in the former ion can be washed out by reacting it with water (i.e., 1 H/D exchange occurs) [10] .
By employing bracketing technique using a set of standard acids and bases, we found that acidity of cyclopropabenzene lies between that of fluorobenzene and piperidine, resulting in a ∆H a value of 1615 ± 13 kJ mol -1 . The measured acidity was in a very good agreement with the calculated value of 1613.8 kJ mol -1 obtained employing the MP2/6-31+G(d) method. Within the same study, we have also shown that, according to the MP2/6-31+G(d) calculations, cyclopropabenzenyl anion was by 144.3 kJ mol -1 more stable than the cyclopropenyl anion (3) [10] .
(1) Based on analysis of calculated molecular and electronic structure of the cyclopropabenzenyl anion ( Fig. 1) , its remarkable stability relative to the unsubstituted cyclopropenyl carbanion 3, was accounted for by a balance of two counter effects: (i) propensity of the aromatic ring to alleviate unfavorable 4π electron interaction within the three-membered ring by the anionic resonance effect and (ii) by a pyramidalization of the anionic center, which tends to maximize the s-character of the lone pair. (1) [10] . Numbering of atoms is given in structure 1H.
The second important finding of this study is given by a reversal in the relative basicities of the cyclopropabenzenyl anions and benzyl anion upon going from the liquid phase to the gas phase. This is not surprising in view of difference in the electronic structure of these two anions, in particular due to the s-character of the lone pair at the deprotonation site in the anion 1. In order to gain more quantitative insight into the effect of solvation on the relative acidities of these two molecules, we have calculated their pK a values in water. It should be stressed that the calculated pK a values cannot be directly compared with the experimentally available pK a values, since they refer to mixed solvents systems (H 2 O/DMSO and H 2 O/MeOH for 1H and 2H, respectively). Since we are interested in relative changes in acidities, any error introduced by this difference will cancel out.
Effect of solvation on relative acidities of cyclopropabenzene and toluene
For an acid species AH, the pK a value is defined as minus logarithm of the dissociation constant of the reaction. (2) It is given by the well-known thermodynamic relation pK a = ∆G aq,AH /2.303RT (3) The Gibbs free energy variation of deprotonation reaction in aqueous solution is calculated by adding a solvation contribution to the gas-phase value as follows:
∆G aq,AH = ∆G gas,AH + ∆∆G solv,AH (4) ∆G gas,AH = G gas,A -+ G gas,H + − G gas,AH (5) ∆∆G solv,AH = ∆G solv,A -+ ∆G solv,H + − ∆G solv,AH (6) according to the thermodynamic cycle reported in Scheme 1. where ∆G gas,AH and ∆G aq,AH are the free energies for the proton abstraction in the gas phase and in water, respectively, and ∆G solv,AH , ∆G solv,A -, and ∆G solv,H + correspond to the energy change associated with the transfer of AH, A -, and H + from the gas phase to the water. For G gas,H +, we used a value of -26.3 kJ mol -1 [15, 16] and the value for ∆G solv,H + -1107.1 kJ mol -1 , was derived from experimental thermodynamic cycle for acetic acid [17] . It should be noted that this value is slightly lower than the earlier estimate of -1104.5 kJ mol -1 obtained by Tissandier and coworkers [18] using the cluster-pair-base approximation. Free energies of solvation are calculated using Barone and Cossi's [19] implementation of the polarizible conductor model, which is based on the polarized continuum model (PCM) of Tomasi and coworkers [20] in conjunction with the dielectric constant of 78.39 corresponding to water at 298.15 K. In the continuum model calculations on neutral systems, the isolated molecule optimal geometries were used, while for anions, calculations were performed both at the gaseous phase geometries (hereafter denoted as model M1), and by reoptimizing gasphase spatial structure in aqueous solution, taking into account the influence of the solvent (hereafter denoted as model M2). The gas free energies of the considered anions and their conjugate acids were calculated using the Peterson's CBS-QB3 method [21] . Finally, as the calculation of ∆G gas,AH uses a reference state of 101325 Pa and the ∆G solv and ∆G aq use 1 M reference state, the ∆G gas,AH was converted to 1 M state by using eq. 7
∆G gas,AH (1 M) = ∆G gas,AH (101325 Pa) + RTln(24.46)
Taking all these steps into account, the pK a values are calculated using eq. 8 pK a = {G gas,A --G gas,AH + ∆G solv,A --∆G solv,AH -269.0}/1.3644
The results are summarized in Table 1 , while the superimposition of geometries of the anions optimized in the gas phase and in a bulk of water are shown in Fig. 2 . (exp.) 36 [12] 41 [23] a ∆G solv,A -and ∆G solv,AH were calculated using CPCM/HF/6-31+G(d)//B3LYP/CBSB7 level of theory. b ∆G solv,A -was calculated using CPCM/HF/6-31+G(d) level of theory for geometry optimized in water. c Calculated using CBS-QB3 approach. d Experimental value, see ref. [22] .
It appears that solvation free energies for both neutral molecules are small and close to each other. On the other hand, solvation free energies of the anions are large and differ considerably. The cyclopropabenzenyl anion gets more stabilized by solvation than the benzyl anion, leading ultimately to the acidity ordering of cyclopropabenzene and toluene encountered experimentally in a condensed phase. It is also noteworthy that separate geometry optimization of anions in the gas phase and in aqueous solution improves the agreement between the calculated and experimental difference in pK a s of 1 and 2.
EFFECT OF SUBSTITUENTS WITHIN AROMATIC RING ON STABILITY OF CYCLOPROPABENZENYL ANION
In the course of our studies on the cycloproparenyl carbanions, we have explored the possibility of tuning stability of 1 by introducing substituents attached to the carbanionic center [24] , as well as by substituents within the aromatic ring. Only the latter topic will be discussed here. For this purpose, we shall consider two examples-the effect of multiple substitution by fluorine atoms and with cyano groups. They are deliberately selected for this purpose since they have small steric demands, being at the same time powerful electron-withdrawing atoms/groups. Particularly interesting is the effect of cyano groups that are well documented to lead to a pronounced enhancement of acidity of several classes of organic acids owing to a very strong anionic resonance stabilization in their conjugate bases [25] . On the other hand, fluorine is considered as a representative of substituents operating primarily via inductive/field mechanisms and by enhancing the polarizability of the benzene ring. The calculated proton affinities of the studied carbanions 4-9 (see eqs. 9-11) are summarized in Table 2 , along with the total energies and ZPVE corrections. Comparison of the calculated PA values of anions 4-9 with that of anion 1 clearly show that both substituents exhibit pronounced effect on acidity. For instance, substitution of the aromatic ring in 1H by fluorine at 2,5-positions increases acidity by 43.1 kJ mol -1 relative to the parent hydrocarbon. Similarly, substitution by fluorines in the 3,4-positions causes a decrease of PA by 43.9 kJ mol -1 , whereas replacement of all aromatic protons with fluorine, leading to 2,3,4,5-tetrafluoro derivative 6, lowers acidity by 83.7 kJ mol -1 . It is interesting to note in this regard that the effect of fluorine atoms on proton affinity of cyclopropabenzenyl anion is roughly additive.
Analysis of the efficacy of stabilization of the neutral molecule 1H and the anion 1 with multiple fluorine substitution by employing isodesmic reactions is given by eqs. 9a-c and 10a-c, respectively, clearly showing that the observed increase in acidities on passing from 4H to 6H is due to the increase in stability of the corresponding anions. It should be noted in this regard that the fluorine atoms are considerably more negative in anions than in their neutral counterparts. However, only a small fraction of negative charge comes from the anionic center, which becomes only slightly less negative than in 1 (-0.41 vs -0.50 e) (see, e.g., 9 in Fig. 3 ). Substitution by the cyano groups exerts considerably stronger effect on stability of the cyclopropabenzenyl anion, as illustrated by the isodesmic reaction shown in eqs. 11a-c. The marked increase in acidity due to cyano substitution could be qualitatively understood in terms of enhanced anionic resonance effect, since CN groups extend the conjugation between carbanionic site and the aromatic ring that already exists in 1 via resonance forms shown below:
Moreover, in contrast to fluorinated anions, stabilization of the parent anion by the cyano groups strongly depends on proximity of the site of substitution to the anionic center. Thus, substitution of the benzene ring by the cyano groups in the 2,5-positions lowers PA of the anion 1 by 160.2 kJ mol -1 , which is by 26.8 kJ mol -1 larger than by substitution in the 3,4-positions (133.5 kJ mol -1 ). This can be linked to more efficient charge transfer from the anionic center to the CN groups in the 2,5-positions, as evidenced by calculated distribution of atomic charges in 9 in Fig. 3 . Consistent with this conclusion is also observation that the C Ar -CN bonds in the 2,5-positions of 9 undergo more pronounced shortening (by 0.6 pm) owing to deprotonation than the corresponding bonds in the 3,4-positions (Fig. 3) .
Finally, we note that PA of 9 is by 272.6 kJ mol -1 lower than that of 1, implying that some resonance saturation is taking place [27] . Comparison of the optimized geometries of anions 4-9 with those of their conjugated acids (not shown here) [28] indicates that deprotonation leads to more pronounced alternation of bond lengths within the six-membered ring than in 1. This is illustrated by comparing geometries of acid/base pairs 6H/6 and 9H/9, which are shown in Fig. 3 as characteristic examples. As for the three-membered ring, there is also a striking difference in the geometry of the three-membered rings in carbanions 6 and 9. Specifically, distribution of the bond lengths within the small ring changes from fully asymmetric to an almost equilateral in passing from the former to the later carbanion. Furthermore, the length of the bonds emanating from the anionic center clearly suggests more efficient delocalization of the negative charge from the anionic center into aromatic ring in the tetracyano-substituted anion 9. This is accompanied by a marked difference in the pyramidalization angle α at the anionic center, which is by 29.4°l arger in the tetrafluoro anion 6 than in 9 as a consequence of less efficient delocalization of the negative charge from the anionic center into aromatic moiety.
M. ECKERT-MAKSIC AND Z. GLASOVAC
We have previously shown that the distortion of the aromatic ring in cycloalkarenes can be conveniently described by the bond localization index L(d CC ) (12) where d -CC is the average bond length and d (n) CC refers to the n-th bond of the benzene moiety. Values for L(d CC ) of zero and 0.36 are obtained for the perfectly symmetric D 6h benzene structure and a completely localized cyclohexatriene ring, respectively [29] . Another useful criteria is provided by L(π) defined by eq. 13, where π -CC and π (n) CC refer to the average π-bond order and to the π-bond order of the n-th bond, in the ring under scrutiny, respectively.
is zero in the free benzene and as its value increases aromatic defect is higher. The calculated L(d CC ) and L(π) indices for the carbanions 4-9 and their conjugate acids 4H-9H are summarized in Table 3 , along with the NICS(1) values for the benzene moieties. 
Perusal of the data displayed in Table 3 clearly shows that all three indices of each of the neutral molecule are close to each other and very close to that in free benzene. It is also evident that all of the investigated species experience a drastic reduction of aromaticity upon deprotonation. For instance, the L(d CC ) indices of the fluorinated carbanions assume values from 0.14-0.17 on passing from 4 to 6, whereas the L(π) values lie between 0.50 and 0.66. For the anions 7-9, the trend of changes in aromatic defect predicted by L(d CC )s is identical to that in the L(π) values. Most importantly, both approaches predict the largest aromatic defect for the 2,5-dicyano-derivative 7. Concerning the NICS(1) values, all fluorinated carbanions have slightly negative NICS(1) values (-1 to -4.4 ppm), whereas the NICS(1) values of the species 7-9 fall in the range of 1. 8-4.4 ppm. This in turn suggests that the benzene ring in at least 8 and 9 should be considered to be magnetically antiaromatic! This shows that the usage of the NICS(1) values in discussing aromaticity of the benzene ring in the substituted cyclopropabenzenyl anions should be taken with a due care.
EFFECT OF EXTENDING AROMATIC BACKBONE ON THE STABILITY OF THE CYCLOPROPARENYL ANIONS
In view of the relatively large size of the higher analogs of 1 included in this study and those to be studied in the future, we selected the DFT BVWN5/6-31+G(d) method for the geometry optimizations, as well as for the calculations of their proton affinities. The selection of the anions studied so far is shown in Fig. 4 , along with the PA values calculated at the B3LYP/6-311+G(3df,2p) level of theory at the geometries optimized with the BVWN5/6-31+G(d) method. Before discussing the results, we note in passing that the calculated PA of 10 (1535.5 kJ mol -1 ) is in very good agreement with experimentally determined acidity of 10H (1527.6 ± 8.8 kJ mol -1 ) [11] .
Perusal of the calculated proton affinities reveals that PA depends strongly on the size of the aromatic backbone, as well as on the site of annelation. Let us take cyclopropa[a]-(10) and cyclopropa [b] naphthalenyl (11) anions as examples.
Analysis of the calculated PAs (Fig. 4) shows that acidity of the angular cyclopropanaphthalene is by 72.0 kJ mol -1 lower than acidity of the linear isomer. Given that the size of the aromatic subunit in the two ions is the same, it is clear that a decrease in acidity is a consequence of the π-bond local- 
DEPROTONATION OF DICYCLOPROPABENZENES
Dicyclopropabenzenes 15H and 16H have been subject of interest of several recent theoretical studies, with emphasis on their molecular and electronic structure [1, [5] [6] [7] . Furthermore, computational results of the strain energies for both molecules have been reported [31] according to which attachment of the three-membered ring to 1H was proposed to lead to doubling of the strain energy relative to 1H, with the angular isomer being by ca. 30 kJ mol -1 more strained. This poses an interesting question to what extent such an increase in strain energy influences acidity of the benzylic positions within the threemembered ring in 15H and 16H, respectively. As none of these species are known experimentally, we thought it of interest to tackle this problem computationally. The optimized geometries of the anions 15 and 16 derived from the linear and angular isomers, respectively, are shown schematically in Fig. 6 , along with their key-geometrical parameters. The calculated proton affinities are summarized in Table  4 , which also includes the relevant results for deprotonation of 2,3-(17H) and 3,4-dimethylcyclopropabenzene (18H) for the sake of comparison. The results indicate that substitution of 1 with the methyl groups slightly decreases acidity. On the other hand, substitution by the three-membered ring enhances acidity, with the effect being more pronounced in the case of the linear isomer. Specifically, its PA decreases by 35.1 kJ mol -1 relative to that of the cyclopropabenzenyl anion. Another interesting finding concerns the out-of-plane bending of the neutral three-membered ring in the anions, as exemplified by their MP2/6-31+G(d) optimized structure. It is also interesting to note that this phenomenon is more pronounced in the linear isomer 16, presumably due to the higher π-character of the corresponding annelated bond.
FINAL REMARKS
Based on the results of the MP2/6-31+G(d) calculations, the remarkable stability of the cyclopropabenzenyl anion is ascribed to a delicate balance between two opposing effects: (a) propensity of the aromatic ring to alleviate unfavorable 4π electron interaction within the three-membered ring by the anionic resonance effect and (b) by a pyramidalization of the anionic center, which tends to maximize the s-character of the lone pair. We have also shown that stability of the cyclopropabenzenyl anion can be considerably enhanced by substitution of the aromatic ring with fluorine and cyano groups as well as by linear extension of the aromatic backbone. On the other hand, angular extension of the aromatic framework influences stability of the considered anions only slightly. Finally, fusion of the second cyclopropenyl ring to the benzene moiety was found to increase acidity of benzylic position in cyclopropabenzene, with the effect being more pronounced in the linear isomer.
